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W
ater adsorption on well-defined
metal surfaces is a useful model
system for exploring the nature of

the hydrogen bond and hydrogen bonded
networks at the molecular level. These play
crucial roles in electrochemistry, heteroge-
neous catalysis, and various other fields of
science.1�7 The close-packed surfaces of sin-
gle crystals of late transitionmetals (Pt, Pd, Ru,
etc.) are often used as templates for growing
two-dimensional water overlayers8�14 and
three-dimensional ice films15�20 because
the lattice constants of these surfaces match
well with the intermolecular distances in ice.
In particular, the structure of water overlayers
on single-crystalline metal surfaces has been
discussed as an important system for under-
standing water�water and water�metal in-
teractions. In the early stages of this field of
research, the ice “bilayer” model, in which
water is only slightly distorted from its bulk
ice arrangement,21 was used to describe the
water overlayer structure. Later, the differ-
ence between this simple model and the
actual structure was determined to be too

large, revealing that this model is inade-
quate.5 Various studies sought to answer
the following questions,1�7 with controver-
sial results because of the experimental diffi-
culties in detecting complicated and fragile
water overlayer structures: Does intact or
dissociative adsorption occur? In which di-
rection are the free OH groups oriented? Are
water molecular networks commensurate
with the substrate lattices?
The structures of water overlayers vary

depending on the metal substrate, indicat-
ing that both structure and stability of the
overlayers are governed by a subtle bal-
ance between water�water and water�
metal interactions.1�7 Regarding the over-
layer on Pt(111), which is important because
of its catalytic and electrocatalytic activity,
a consensus has finally been reached:
water molecules adsorb intact,22 with an
OH group pointing toward the metal
surface (H-down structure),23�26 forming
slightly incommensurate overlayers with
(
√
37 � √

37) or (
√
39 � √

39) struc-
tures.13�16,27�29
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ABSTRACT The fundamental structure of an isolated water dimer

on Pt(111) was determined by means of a spectroscopic method using

scanning tunneling microscopy (STM) and density functional theory

(DFT) calculations. Two water molecules on adjacent atop sites form a

dimer through a hydrogen bond, and they rotate even at a substrate

temperature of 5 K. Action spectroscopy using STM (STM-AS) for water

dimer hopping allows us to obtain the vibrational spectrum of a single

water dimer on Pt(111). Comparisons between the experiments and

theory show that one of the OH groups of the acceptor water molecule

points toward the surface to form an �OH 3 3 3 Pt hydrogen bond.
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The structure of monomeric and small clusters of
water on metal surfaces has attracted much atten-
tion and has been discussed extensively for its impor-
tance as a building block of water clusters and over-
layers.7,30�35 Among previously investigated water
clusters, a water dimer on Pt(111)24,29,36�39 is a simple
system that is suitable for studies of the water�
water and water�metal interactions. Its structure,
especially the orientation of the OH groups that de-
termine the water�metal interaction regime, is still
debated, however. Studies using density functional
theory (DFT) calculations of water dimers on Pt(111)
have given different optimized structures.29,37�39 Thus,
experimental evidence is required to determine the
structure. Monomeric or small clusters of water on
Pt(111) have been studied with various experimental
techniques, such as infrared reflection absorption
spectroscopy (IRAS),24,25,40 high-resolution electron
energy loss spectroscopy (HREELS),41,42 and helium-
atom scattering.43 Thesemacroscopic vibrational spec-
troscopies probe an ensemble of water clusters, how-
ever, and the wide range of cluster sizes makes
assignment of specific vibrational signals difficult.
In contrast to conventional macroscopic vibrational

spectroscopy, scanning tunneling microscopy (STM)
can be used to visualize molecules in real space and
directly reveal the size of individual clusters.30�35

Furthermore, STM enables the acquisition of vibra-
tional spectra of single molecules and clusters through
the use of inelastic electron tunneling spectroscopy
(STM-IETS)44 and action spectroscopy (STM-AS).45

Therefore, STM can provide cluster-size-specific vibra-
tional spectra of a monomer and clusters of water
molecules on surfaces. The vibrational spectra can be
used to determine the detailed structure of isolated
molecules and clusters, including the orientation of the
OH groups, providing insights into the dependence of
molecule�metal andmolecule�molecule interactions
on cluster size. In STM-IETS, a small conductance
change of the molecule due to the onset of inelastic
electron tunneling is measured. This method is applic-
able to stable molecules on surfaces. In STM-AS, the
increase in yields of the motion/reactions, induced by
vibrational excitation due to inelastic electron tunnel-
ing, are monitored. This feature makes STM-AS the
most suitable technique for obtaining cluster-size-
specific vibrational spectra of water molecules, which
have high diffusion rates even at low substrate tem-
peratures (one exception is immobile water at elbow
sites of the herringbone reconstruction of Au(111)46).
Recently, we developed a spectral fitting analysis

method for STM-AS to enhance its performance and
versatility.47�49 The use of STM-AS originally suffered
from scarcity of data points and was sensitive to errors
in individual data points, which easily lead to artifacts.
The vibrational energy was empirically determined
by gradually increasing yields of the motions and

reactions detected as a function of the sample bias
voltage. Spectral fitting permits discrimination of vi-
brational signals from artifacts because of the strong
vibrational energy dependence of the overall curve
shape of the simulated spectra. Thus, spectral fitting
provides evidence for determining the vibrational en-
ergy from the spectral shape, which enhances the
“apparent” energy resolution. This powerful technique
iswell suited for determining the detailed structure of a
water dimer on Pt(111).
In this letter, we present a combined STM and DFT

study of the structure of a water dimer adsorbed on
Pt(111). The STM observations revealed that both
water molecules in the dimer are adsorbed on atop
sites and that one of the water molecules can rotate
around the other, even at a substrate temperature of
5 K. Using STM-AS, we obtained the vibrational spec-
trum of a single water dimer. A comparison of the
experimentally and theoretically obtained vibrational
spectra made it possible to determine the detailed
structure of the adsorbed dimer, revealing that one of
the OH groups points toward the surface to form an
�OH 3 3 3 Pt hydrogen bond.

RESULTS AND DISCUSSION

At low coverage (<0.005 ML), monomers and dimers
were observed as round- and “flower”-shaped protru-
sions, respectively, in the STM images (Figure 1a�c).36

Both H2O and D2O resulted in identical protrusions.
The assignment of monomers and dimers is based on
the manipulation experiment. The collision of two
round protrusions (Figure 1d), which was induced by
applying a voltage pulse (typically 200 mV, 1 nA, 1 s) to
one protrusion (Figure 1e), resulted in a flower-shaped
protrusion (Figure 1f).
The water monomer's center of mass resides on the

atop site, which was determined from the atomically
resolved STM image takenwith amolecular tip (a water
molecule is attached on the apex of the tip), as shown
in Figure 1b. This STM image supports results of the
DFT calculation indicating that monomers adsorb on
atop sites with their molecular plane parallel to the
metal substrate.29,38,50 In addition, DFT studies indi-
cated that the lateral rotation barriers of water mono-
mers are very low and that they can rotate freely at a
finite temperature.38,50 Thus, the monomers are im-
aged as circular protrusions in STM.
The atomically resolved STM image of a water dimer

shows that the center of mass of the dimer and the
center of each lobe are all located on atop sites, as
depicted in Figure 1c. The anomalous shapeof thewater
dimer can be explained as a “time-averaged” 6-fold
shape resulting from the rotation of one molecule
around the other molecule fixed on the surface. This
interpretation agrees with previous reports of rotating
molecules (CO dimers51 and CH3SH monomers52 on
Au(111) at 5 K, and 2,5-dichlorothiophenol onCu(111) at
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15 K).53 Six equivalent potentialminima for the rotating
molecules at six atop sites resulted in a flower-shaped
protrusion. In addition, the adsorption structure model
of the water dimer is supported by the DFT calcula-
tions. In the optimized structure of a water dimer on
Pt(111) (depicted in Figure 2), bothwatermolecules are
located at atop sites. The molecule that serves as a
hydrogen-bond donor (H-donor molecule) is located
near the surface and forms a stronger bond with an
underlying Pt atom than does the hydrogen-bond
acceptor molecule (H-acceptor molecule). Other DFT
calculations29,38,50 also show adsorption of both mol-
ecules at atop sites.
Because the dimer shows a flower-shaped protru-

sion regardless of the scanning conditions (2�100 mV,
0.05�10 nA), neither the tunneling current nor the
applied electric field cause rotation of the water dimer.
The potential-energy barrier for rotation of the H-ac-
ceptor molecule was calculated by DFT to be ∼20
meV.38 The vibrational energy of the hindered lateral
rotational mode of the H-acceptor molecule was cal-
culated to be 42 meV. According to the harmonic
approximation, the zero-point energy of this vibra-
tional mode would be half of its vibrational energy,

21 meV, which is slightly higher than the barrier of
rotation. Thus, we conclude that the zero-point energy
of the hindered rotational mode allows the H-acceptor
molecule to rotate around the H-donor molecule. The
small energy barrier for the rotation suggests a small
difference in energy for adsorption sites near the atop
sites for H-acceptor molecules. This small difference
contributes to the stability of the incommensurate
(
√
37 � √

37) and (
√
39 � √

39) structures,13�16,27�29

where the adsorption sites of some molecules are
slightly shifted from the atop sites.
The water monomer hopping induced by inelastic

electron tunneling (as shown in Figure 1e) was studied
in further detail. Figure 3 shows the STM-AS, that is, the
sample bias dependence of the yield of the lateral
hopping of H2O and D2O monomers. The lateral hop-
ping yield is determined from the tunneling current,
and the time required for the molecule to hop that

Figure 2. A top view (a) and a three-quarter view (b) of the
optimized structure of a water dimer on Pt(111) based on
the DFT calculations. The six Pt atoms that are above the
potential minima for the H-acceptor molecule are high-
lighted. The notation of vibrational modes detected in the
present study are indicated in (b).

Figure 3. STM-AS and spectral fit of the lateral hopping of
H2O andD2Omonomers on Pt(111). The red circles and blue
squares represent the experimental results of STM-AS for
H2O and D2O, respectively. The thick solid curves represent
the best-fit spectra, and the broken curves represent the
fraction of simulated Y(V)tot. TheΩ determined by these fits
are indicated with arrows in units of meV.

Figure 1. STM images of (a) H2O monomers and a dimer on
Pt(111) (sample bias voltage Vs = 50 mV and tunneling
current It = 1.0 nA); (b) a H2O monomer taken with a tip on
which awatermoleculewas attached to the apex (molecular
tip) to resolve the Pt lattice; the grid shows the positions of
the Pt atoms (Vs = 20 mV, It = 0.5 nA); (c) a H2O dimer taken
with a molecular tip (Vs = 20 mV, It = 0.5 nA); (d) H2O
monomers (Vs = 50mV, It = 0.8 nA); (e) themanipulation of a
H2Omonomer to bindwith anotherH2Omonomer to forma
dimer (Vs = 50mV, It = 0.8 nA); and (f) the H2O dimer formed
in the manipulation experiment (Vs = 50 mV, It = 0.8 nA). In
(e), when the STM tip reached eachwhite broken line during
upward scanning, the STM tip was moved to the top of the
monomer, a voltage pulse was applied (200 mV, 1 nA, 1 s),
and scanning was resumed from the white line.

A
RTIC

LE



MOTOBAYASHI ET AL. VOL. 8 ’ NO. 11 ’ 11583–11590 ’ 2014

www.acsnano.org

11586

appears in the I�tplot as a result of tunneling electrons
injected from the STM tip fixed above the center of a
molecule, as described in the Methods section in more
detail. At a glance, we defined threshold voltages of
∼100 and ∼200 mV for H2O and ∼140 and ∼170 mV
for D2O.We applied spectral fitting analyses using eq 1,
which is described in the Methods section, and identi-
fied five vibrational signals corresponding to δ(HOH),
δ(DOD), two types of δ(HOPt), and a combination of
two δ(DOPt). The resulting parameters are listed in
Table 1. The vibrational energies obtained by STM-AS
matchwell with those obtained by theDFT calculations
of Meng et al. The water monomers begin to hop at
∼100 mV. We confirmed that this hopping is a one-
electron process on the basis of the nearly constant
reaction yield at different tunneling currents and the

fitting parameters of n = 1 for all the observed vibra-
tional signals determined by the spectral fit (Table 1).
Thus, the diffusion barrier of a water monomer is lower
than 100 meV.
As shown in Figure 4a�c, lateral hopping of the H2O

and D2O dimers was observed when the STM tip was
placed above the center of the dimer and a voltage
pulse was applied (typically 250 mV, 1 nA, 1 s for H2O
dimer). We measured the STM-AS of the lateral hop-
ping to obtain vibrational spectra and to characterize
the hopping of single water dimers. Hopping of the
water dimer was detected as a sudden current change
in the I�t plot (Figure 4c) and was confirmed by STM
imaging (Figure 4a,b). Figure 4d is the STM-AS of the
H2O and D2O dimers; i.e., the lateral hopping yield as a
function of sample bias voltage. At a glance, we
defined several threshold voltages for the positive bias
region, including ∼200 and ∼360 mV for H2O and
∼270, ∼320, and ∼340 mV for D2O as previously
reported.36

Water dimers rarely hop when δ(HOPt) at∼130meV
is excited and begin hopping at V > ∼200 mV. We
confirmed that the hopping of water dimers is also a
one-electron process as in the case of the monomer.
These results indicate that the diffusion barrier EB for
water dimer is 130 < EB < 200 meV. Dimers on Pt(111)
should have a higher diffusion barrier and greater
stability than those of monomers on Pt(111). The

TABLE 1. Best-Fit Parameters for the Spectral Fitting of

STM-AS for a Water Monomer on Pt(111)

assignment Ω (meV) n �log K γ (meV) Ωref (meV)
a

δ(HOPt)1 104 ( 5 1 9.6 5 113
δ(HOPt)2 134 ( 5 1 8.6 5 121
δ(HOH) 192 ( 2 1 5.8 5 190
δ(DOD) 141 ( 2 1 8.4 5 141b

δ(DOPt)1 þ δ(DOPt)2 174 ( 2 1 6.1 5 177 (77 þ 100)b

a Ref 34. b Vibrational energies of D2O were obtained using the values for H2O and
an isotope factor of 1.35.

Figure 4. (a) STM image of a H2O dimer on Pt(111) (Vs = 40 mV, It = 1.0 nA). (b) STM image of the H2O dimer before and after
lateral hoppingwas induced (Vs = 40mV, It = 1.0 nA). The STM tipwas scanned from thebottom to themiddle of thefigure and
was then positioned on top of the water dimer. A voltage pulse (250mV, 5 nA, 1 s) was applied before the scan was restarted
from the middle to the top of the image. (c) The tunneling current measured as a function of time under constant applied
voltage (280 mV, 4.5 nA, 160 ms). (d) STM-AS and spectral fit of the lateral hopping of H2O and D2O dimers on Pt(111) at
positive (right) and negative (left) sample bias voltages. The red circles andblue squares represent the experimental results of
the STM-AS for H2O and D2O, respectively. In the previous report, error bars were calculated for positive bias before the
logarithm of Y(V) was taken.36 Here, error bars of logarithmic Y(V) are plotted. The thick solid curves represent the best-fit
spectra. The thin dotted curves at positive bias represent the fraction of simulated Y(V)tot, representing the Y(V) of hopping
induced by the excitation of each vibrational mode. The broken curves at negative bias are simulated hopping yield at
negative bias Y(V)neg shown for comparison, which were obtained by Y(V)neg = 0.2Y(�V)pos, where Y(V)pos is Y(V) obtained by
spectral fit at positive bias. The Ω values determined by this fit are indicated by arrows (in units of meV).

A
RTIC

LE



MOTOBAYASHI ET AL. VOL. 8 ’ NO. 11 ’ 11583–11590 ’ 2014

www.acsnano.org

11587

diffusion barriers of water on Pt(111) based on DFT
calculations follow this trend.39 However, this ten-
dency is the opposite on Pd(111), where instantaneous
diffusion of a dimer and stable monomers was re-
ported at 40 K.31 This difference is probably due to a
different diffusion mechanism of water dimers on Pt-
(111) and Pd(111), such as tunneling-exchange-
assisted diffusion.54

Application of a theoretical fit47 to the spectramakes
it possible to extract more information from the STM-
AS data on the water dimer. The experimental results
are well represented by the simulated curves (thick
solid curves in Figure 4d) with vibrational signals in the
positive bias region at 208, 250, 335, and 375 meV for
H2O and at 272, 313, and 332 meV for D2O. The best-fit
parameters are listed in Table 2. Because eq 1 (given in
the Methods section) represents the spectral shape of
Y(V) not only near the vibrational energy of the corre-
sponding mode but also over a wide range of V, the
results are not significantly affected by the experimen-
tal errors of each data point. Thus, we can reasonably
assign the yield increase at∼250 and∼335mV for H2O
to the vibrational signals.
DFT calculations of the vibrational frequencies of

both H2O and D2O dimers on Pt(111) allow assignment
of the vibrational signals observed in the STM-AS, as
summarized in Table 2. A comparison of the values for
Ωdown obtained in this study indicates that the signal at
208 meV corresponds to the HOH scissoring modes
δ(HOH) of H-donor and H-acceptor molecules which
overlap each other. The small signals at 250 and
335 meV are, respectively, the combination modes of
the δ(HOH) andO�Pt stretchingmodes of the H-donor
molecule ν(OPt), and of the δ(HOH) and libration
modes of the H�O�Pt of the H-donor molecule
δ(HOPt). The signal at 375 mV represents the OH
stretching mode of the H-donor molecule, which par-
ticipates in an intermolecular hydrogen bond ν(OH)HB.
The signals for D2O at 272, 313, and 332 meV respec-
tively correspond to ν(OD)HB, the OD stretching mode
of the H-acceptor molecule that points toward the
surface ν(OD)Pt, and the free OD stretching mode of
the H-donor (ν(OD)do).

We measured the STM-AS at both positive and
negative sample bias voltages to confirm that the
observed signals resulted from vibrational excitations.
Consequently, weobtained similar spectrawith slightly
smaller Y(V) or K values, and nearly equal vibrational
energies and other parameters, except for ν(OD)do (as
shown in Figure 4d and Table 2). The Y(V)neg, hopping
yield at negative bias obtained by Y(V)neg = 0.2Y(�V)pos
(the broken curves in Figure 4d at negative bias) where
Y(V)pos is obtained by spectral fit at positive bias (the
solid curves at positive bias), approximately represents
the experimental results at negative bias. The small
signals at 250 and 335 mV appear in both spectra,
indicating that these signals did not result from differ-
ences in the electronic density of states (DOS) or from
artifacts caused by errors but rather from the vibra-
tional excitation of the combination modes.
Such linear relationships between spectra at positive

and negative sample bias voltages have been
reported49,55 and explained on the basis of the reso-
nant model for vibrational excitation through inelastic
electron tunneling.56 In this model, an incident elec-
tron is temporarily captured by a molecular orbital
(MO) localized in a resonant state, resulting in the
excitation of molecular vibrations. Therefore, the vibra-
tional excitation probability depends on the electronic
DOS of the responsible MO that is localized below the
STM tip at corresponding energies. Among the para-
meters used in the spectral fitting, only K is affected by
the electronic DOS; therefore, this difference in elec-
tronic DOS potentially resulted in slightly different Y(V)
or K values for a water dimer with similar overall
spectral features at positive and negative sample
biases. We believe that the absence of ν(OD)do at a
negative sample bias is also due to the difference in
populations and the spatial distributions of the MOs at
positive and negative biases.
A vibrational signal corresponding to ν(OH)HB at

375 mV in the STM-AS of the H2O dimer was observed
in the IRAS of H2O on Pt(111) for large islands in which
theOHgroups are located at the edge of the island and
point toward the surface at 40 K.25 This ν(OH)HB, with
an energy value of approximately 375 mV, was absent

TABLE 2. Best-Fit Parameters for the Spectral Fitting of STM-AS at Positive Sample Bias Voltage and Calculated

Vibrational Energies for a Water Dimer on Pt(111)a

assignment Ω (meV) n �log K γ (meV) Ωdown (meV) Ωpara (meV)

δ(HOH) 208 ( 6 (�201 ( 6) 1 8.7 (9.5) 5 198, 193 198
δ(HOH) þ ν(OPt) 250 ( 6 (�259 ( 6) 1 7.6 (8.4) 5 244 (198 þ 46) 242 (198 þ 44)
δ(HOH) þ δ(HOPt) 335 ( 5 (�337 ( 6) 1 6.5 (7.1) 5 329 (198 þ 131) 331 (198 þ 133)
ν(OH)HB 375 ( 3 (�371 ( 6) 1 4.7 (5.3) 5 362 347
ν(OD)HB 272 ( 3 (�274 ( 6) 1 7.6 (8.1) 5 264 257b

ν(OD)Pt 313 ( 3 (�318 ( 6) 1 6.4 (6.8) 5 309 320b

ν(OD)do 332 ( 3 1 5.6 5 336 335b

a The values in parentheses forΩ and�log K represent the best-fit parameters for the spectra at negative bias. TheΩdown values represent the theoretically obtained results
in this study, and theΩpara values are from ref 34. b Vibrational energies of D2O were obtained using those of H2O from ref 34 and an isotope factor of 1.35. δ: libration, ν:
stretching.
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in previously reported IRAS24,25 and HREELS42 spectra
for low H2O coverage. Nakamura et al. attributed the
vibrational signals in IRAS to water monomers, dimers,
and tetramers,24 whereas Ogasawara et al. assigned
them to only monomers and dimers.25 The vibrational
features of the water dimers observed here by STM-AS
suggest that water dimers were not observed in these
macroscopic vibrational studies. We believe that, at a
coverage of 0.07�0.09 ML as was used in the IRAS
experiments, clusters larger than dimers are mainly
formed and detected. Thus, STM-AS appears to be the
only method so far that can detect the vibrational
signals of water dimers on metal surfaces.
The vibrational energy of ν(OH(D)) can be used to

deduce the structure of water dimers because it de-
pends on the environment surrounding each OH(D)
group. Meng et al. reported a DFT calculation of the
water dimer structure in which the H-acceptor molecule
has two OH(D) groups that are equivalently oriented
toward the surface (H-parallel model).29,37 In addition,
another structure model has been reported in which
one OH(D) of the H-acceptor molecule points toward
the surface and the other points toward the vacuum
(H-down model).38 To determine which structure oc-
curred in our experiment, we compared the measured
vibrational energies with the calculated vibrational en-
ergies of the H-parallel and H-down models (Ωpara and
Ωdown), as shown in Table 2. The vibrational energies
obtained by STM-AS show better agreement with the
vibrational energies calculated for the H-down model,
Ωdown. The vibrational energy of the H-parallel model
shows significant disagreement, especially in ν(OH(D))HB.
Thus, we conclude that the water dimer structure on
Pt(111) observed in our STM measurements is well
represented by the H-down model. Consequently, the
regime of the water�metal interaction is also suggested.
The H-donor molecule interacts with the substrate Pt
atoms via back-donation of the oxygen lone pair as
commonly thought.29,37 The H-acceptor molecule inter-
acts with the Pt substrate not through the oxygen lone
pair as suggested in theH-parallelmodel29,37 but through
an �OH 3 3 3 Pt hydrogen bond.
By applying spectral fitting to the STM-AS data and

comparing the fits with the DFT calculations, we have
been able to determine the positions of the H(D) atoms
in individual molecules, which is a difficult task even

when using STM. This provides valuable information
regarding a long-discussed issue of the interaction
regimes between the H-acceptor molecule and the
substrate, in particular the possibility of an �OH 3 3 3 Pt
hydrogen bond. Vibrational signals of ν(OH(D))HB
indicating similar H-down structure were observed at
the edges of larger clusters.25,57 The similar H-down
structures of the water dimer and cluster edge sug-
gested that the dangling OH pointing toward the
vacuum is less stable and is more likely to interact with
the Pt substrate. In contrast, this vibrational signal is
absent for the H-down structure of the water over-
layers,25 suggesting that thehydrogenbondingnetwork
between thewatermolecules alters the bonding regime
between the water molecules and the metal substrates.

CONCLUSIONS

In this study, STM-AS experiments with spectral
fitting, in conjunction with DFT calculations, were used
to determine the detailed structure and the interaction
regime of a water dimer adsorbed on Pt(111). The STM-
AS measurements with spectral fitting revealed most
of the normal vibrational modes and some combina-
tion modes of a water dimer. By comparing the experi-
mentally observed vibrational energies with those
obtained by DFT calculations, we determined the
structure of the water dimer adsorbed on Pt(111),
where one OH(D) group of the hydrogen-bond accep-
tor molecule points toward the surface to form an
�OH 3 3 3 Pt hydrogen bond. We demonstrated that the
STM-AS with improved apparent energy resolution
due to spectral fitting enables us to determine the
internal structure of a single molecular cluster ad-
sorbed on a surface.
Comparative studies on othermetal substrates using

STM-AS would contribute to a deeper and more gen-
eral understanding regarding the balance between
water�water and water�metal interactions and could
also shed light on the origin of the differences ob-
served in the water bilayer structures on various metal
surfaces. We believe that the H-down structure of the
water dimer found here may provide important infor-
mation for various chemistry-related investigations.
One example relates to hydrogen production via the
electrolysis of water at the surface of a metal electrode,
an important process for energy storage.

METHODS

All of the experiments were performed using low-tempera-
ture STM (LT-STM, Omicron GmbH) equipped with an ultrahigh
vacuum (<3� 10�11 Torr) chamber. The single crystal surface of
Pt(111) was prepared using cycles of Arþ ion sputtering and
annealing at 1100 K. The Pt(111) surface was maintained at a
temperature less than 20 K and exposed to a small amount of
water molecules (H2O or D2O) through a dosing tube.36 All of
the STM measurements were performed at 5 K.

The STM-AS is a spectroscopic method capable of measuring
the vibrational spectra of a single molecule. When tunneling
electrons are injected into the targetmolecule at various sample
biases V, the yield Y(V) of vibrationally induced molecular
motions or reactions remarkably increases atV that corresponds
to the vibrational energy. Thus, systematic measurements of
Y(V) provide the vibrational features of the target molecule.
Detailed information regarding the molecule was obtained
using a spectral fitting analysis of STM-AS, as described below.
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The hopping yields of the water monomers and dimers were
measured as follows.36,45,58 After an STM image was obtained,
the STM tip was fixed over the center of a target molecule. Next,
tunneling electrons were injected into the molecule at a certain
constant sample bias voltage with the feedback loop off. We
detected the hopping from sudden changes in the tunneling
current in the I�t plot and confirmed it using subsequent STM
imaging, as shown in Figure 4c and b, respectively. The hopping
yield Y was calculated from Y = e/Iτ, where e is the elementary
charge and τ is the time required for hopping. The averaged
values of Y(V) were obtained by repeating the aforementioned
experiment 16 times for each value of V.
The spectral fitting analysis of STM-AS is described else-

where.47�49,59,60 Because the second derivative of the tunneling
current gives the vibrational density states (DOS) in the STM-
IETS, the inelastic tunneling current responsible for motion and
reactions of the target molecules was derived from double
integration of a Gaussian function representing the vibrational
DOS Fph(ω). Because the reaction rate is proportional to the
inelastic tunneling current and the yield is obtained by dividing
the reaction rate by the total current, the total reaction yield
Y(V)tot can be expressed as follows:

Y(V)tot ¼ ∑
i

Ki
f (V,Ωi , γi)

ni

V
(1)

f (V,Ω, γ) ¼ 1
e

Z eV

0
dω

Z ω

0
Fph(ω

0) dω0 (2)

where i is an index of the vibrational signals, K is the rate
constant, Ω is the vibrational energy, γ is a vibrational broad-
ening factor, and n is the reaction order, which is equal to the
number of electrons required for the reaction. Several para-
meters, such as the vibrational energies, were determined using
a least-squares fit of eq 1 to the STM-AS experimental data.
The details of the DFT calculations have been described

elsewhere.38,39 Briefly, all of the calculations were performed
using the Vienna ab initio simulation package (VASP)61�64 and a
plane-wave implementation of DFT using the PW91 functional.65

The interactions between the ions and valence electrons were
described by ultrasoft Vanderbilt pseudopotentials,66,67 and a
cutoff energy of 396 eV (29 Ry). The Brillouin zone was sampled
using a 2� 2� 1Monkhorst�Pack k-point mesh. The optimized
structure of the H2O dimer on Pt(111)38 was calculated using
36 substrate atoms, with 12 atoms per layer in three layers. The
vibrational energies of both H2O and D2O dimers were cal-
culated.
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